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Environmental and behavioural factors assessed via an online questionnaire were compared to 28 insecticide metabolite concentrations in urine collected from 61 children from South East 29 Queensland, Australia. Metabolite concentrations (µg/L urine) were transformed using the natural 30 logarithm prior to regression analysis and adjusted for age and creatinine. A significant dietary 31 association was reported for vegetable intake and 3-phenoxybenzoic acid (3-PBA) (β: 1.47 for top 32 quartile of intake versus bottom quartile of intake 95% CI: 0.36, 2.57). Intake of vegetables and 33 fruit were also positively associated with sum non-specific organophosphate metabolites (ƩnsOP). Biomonitoring, the analysis of insecticide metabolite concentrations in urine as a measure of 81 insecticide exposure, has been used with increasing frequency to measure exposure to non-82 persistent chemicals, including pyrethroid and OP insecticides (Needham, Ozkaynak et al. 2005) . 83
Biomonitoring has many advantages, of which the most notable is that aggregate exposure to 84 environmental chemicals may be estimated, even when the sources or pathways of exposure to the 85 parent chemical have not been characterised (Sexton, Needham et al. 2004 ). However, multiple 86 urine samples are required to accurately classify long-term exposure to chemicals with short half-87 lives, including insecticides (Sexton and Ryan 2012) . Although analytical methods for measuring 88 Figure 1 Major exposure pathways of young children to insecticides: mechanisms for increased exposure risk relative to adults Increased exposure via inhalation is attributable to higher concentrations of insecticides found in the infant breathing zone, compared to the adult breathing zone, and the relatively greater intake of air by infants (Fenske, Black et al. 1990 ). Frequent hand-to-mouth behaviour predisposes infants to greater non-dietary insecticide exposure (Melnyk, Byron et al. 2011) , and the relatively greater consumption of food by infants compared to adults also contributes to greater dietary intake (Roberts and Karr 2012) . Increased contact with contaminants found on the floor in dust, as well as the greater relative surface area of infants, predisposes to greater levels of dermal absorption (Makri, Goveia et al. 2004 ).
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A C C E P T E D ACCEPTED MANUSCRIPT 5 these chemicals in biological samples are well established, sampling methodology to account for 89 this short-term variation in exposure are not (LaKind, Sobus et al. 2014 ). In young children, prior 90 to toilet training, special methods for urine collection are required (i.e. paediatric urine bags), which 91 is burdensome to participants, as well as being logistically challenging and resource intensive 92 (Needham and Sexton 2000) . 93
94
As recently reviewed by our research group, exposure-assessment questionnaires could have several 95 applications, particularly to epidemiological studies in young children where biomonitoring is 96 practically challenging, for the reasons described above (English, Healy et al. 2015) . When 97 administered in conjunction with biomonitoring or environmental monitoring, they may also 98 provide important information about potentially modifiable pathways of exposure to environmental 99 toxicants. Although questionnaires have been used extensively to assess pesticide exposure, to our 100 knowledge, there is no questionnaire that has been specifically designed and validated to assess 101 exposure of young children to insecticides (Teitelbaum 2002) . The aim of this study was to assess 102 the feasibility of an insecticide-exposure-assessment questionnaire for assessing young Australian 103 children's exposure to insecticides. Since data regarding children's insecticide exposure are scarce 104 in Australia, a secondary aim was to characterise individual levels of exposure of young Australian 105 children to insecticides and examine how exposure may be occurring. 106
Healthcare, Waukegan IL USA), from their enrolled child. Samples were stored in secure 115 biological sample storage packs in participant's home freezers prior to collection by the study team 116 and stored at -20 o C at the laboratory prior to analysis. The two samples from each child were 117 pooled prior to analysis. Consent was obtained from participant families and ethical approval was 118 obtained from the University of Queensland (2015000397) , Australia, and the Children's Health 119
Queensland Human Research Ethics Committee (HREC15QRCH40). 120
121
The following insecticide metabolites were included in the analysis: 122 The methods used in this study were modified from Angerer and Hartwig (2010) and Olsson et al. 127 (2004) . The methods in full detail, including quality control methods, are described elsewhere (Li, 128 Wang et al. 2019) . Briefly, for the six DAP metabolites of OP insecticides, 2 mL of samples were 129 spiked with 5 ng of isotopically labelled standards. The samples were then extracted with 130 anhydrous acetonitrile (ACN) and diethyl ether after being freeze-dried overnight. Subsequently, 131 potassium carbonate and pentafluorobenzyl bromide (PFBBr) solution were added into the samples 132 before they were derivatised overnight at 40°C. MilliQ water and n-hexane were then added to the 133 derivatised samples before they were mixed on a shaker and centrifuged. The samples were then 134 evaporated under a gentle nitrogen stream to near dryness. After being spiked with the 135 instrument/recovery standard, the samples were analysed using a TRACE GC Ultra coupled to a 136 TSQ Quantum XLS triple quadrupole mass spectrometer equipped with a TriPlus Autosampler 137 (Thermo Fisher Scientific).. 138
139
For the other metabolites, 2 mL of each sample was spiked with 5 ng of isotopically labelled 140 standards. To hydrolyse glucuronide or sulphate conjugated metabolites, 1.6 mL of β-141 glucuronidase (HP-2; purchased from Sigma-Aldrich®) solution was added to the samples to give 142 an activity of ~800 units. The samples were then mixed and incubated at 37°C overnight. The 143 extraction process was accomplished via solid phase extraction (SPE) using hydrophilic-lipophilic 144 balance (HLB) cartridges. After elution and filtration, the filtrates were evaporated to near dryness 145 and spiked with the instrument/recovery standard. Target compounds were analysed using a liquid 146 chromatography (Shimadzu, Nexera 2 UHPLC system, Kyoto, Japan) coupled with a tandem mass 147 spectrometer equipped with an IonDrive source (SCIEX QTRAP® 6500+, Ontario, Canada). was asked two questions, the first was "does your baby mouth (suck or chew on) a variety of 169 objects (including hands) or just a few?" with responses "1. My baby mouths a wide variety of 170 objects 2. My baby doesn't really mouth objects 3. My baby mouths just a few objects." The 171 second was "does your baby like to suck their thumb or fingers?" and the responses were "1. My 172 baby constantly or frequently sucks their thumb or fingers across any given day 2. My baby will 173 usually suck their thumb or fingers at some point during the day, but not constantly 3. My baby 174 only occasionally or rarely sucks their thumb or fingers, but not on a daily basis 4. My baby does 175 not currently show any interest in sucking their thumb or fingers." In addition, respondents were 176 asked to describe their child's consumption of organic foods ("How frequently does your child eat
organic food? Organic food is often labelled as "pesticide free' or "certified organic"). Parents 178 were then asked pest-control related domains of questions. To minimise difficulty recalling 179 previous pest-control product use participants were provided with visual aids to recall pests (ants, 180 cockroaches etc.) that may have been treated. Furthermore, questions about specific pest products 181 were associated with pictures representative of the product type, to minimise misinterpretation. 182
Due to the large number of questions included in the questionnaire, questions with poor response 183 rates and or poor distribution of responses were eliminated or condensed, as previously described 184 were aged 10-18 months and 13 were aged 19 months to 26 months. Only 6 children were 211 exclusively breastfed. 85.7% of the participants were consuming solid food regularly. There was 212 no difference in age or sex of excluded versus included participants (mean age included 12.9 213 months, excluded 14.0 months). Sociodemographic data were not collected. 214
Metabolites with detection frequencies >70% were PNP (92.9%), TCPy (89.3%), DMTP (76.8%), 215 DCCA (76.8%), 3-PBA (76.8%) and DMP (75.0%), see Table 2 . The highest median 216 concentrations were recorded for TCPy (4.86 ug/L), followed by DMP (2.32 ug/L), PNP (2.07 217 ug/L) and DMTP (1.20 ug/L). The median concentrations of the pyrethroid metabolites 3-PBA and 218 DCCA were 0.46 and 0.35 ug/L, respectively. Creatinine standardised results are shown in Table  219 S1. 220 
The pyrethroid and OP metabolite concentrations showed substantial levels of correlation with 214 metabolites from the same class (see Figure S1 and Table S2 ). For example, TCPy was linearly 215 correlated with DMP (ρ: 0.66, p <0.001), DMTP (ρ: 0.66, p<0.001), and PNP (ρ: 0.38, p = 0.004). 216 3-PBA and DCCA were also highly correlated (ρ: 0.90, p<0.001). OP and pyrethroid metabolites 217 were also correlated, however, the association was weaker than between metabolites of the same 218 class. 219 220 Age (in months) was significantly associated with concentrations of DMP (β:0.10 95% 95% CI: 
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15 Dietary factors assessed due to their potential to modify dietary intake of insecticides included 238 individual food items, as well as consumption of organic food, store-bought food and washing of 239 fruits and vegetables prior to cooking or eating. Following a very limited number of participants 240 reporting consuming exclusively organic food diets, this response was not examined individually, 241 and participants were categorised as those who ate organic food 'sometimes or more frequently', 242 versus 'rarely or never'. There were no significant associations between organic food consumption 243 and insecticide metabolite concentrations. Higher frequency of washing fruits and vegetables was 244 associated with lower ƩnsOP concentrations (β: -0.69 95% CI: -1.25, -0.12). Dietary variables were 245 examined by quartile of consumption. Greater consumption of vegetables (sum of the total intake 246 of lettuce, carrots, tomato, potatoes, corn, pumpkin, broccoli, sweet potato) was associated with 247 higher concentrations of ƩnsOP (β: 1.01 95% CI: 0.26, 1.75 top quartile of intake versus bottom 248 quartile) and 3-PBA (β: 1.47 95% CI: 0.36 to 2.57) in children's urine. Higher consumption of fruit 249 (sum of the total intake of bananas, berries, apples, pears, stone fruit) was associated with higher 250 concentrations of ƩnsOP in children's urine, but the association was not clear as the strongest 251 association occurred in the third quartile of intake. 252 253 Pest-control practices in the home were also examined. Increased frequency (once a week or more 254 versus less than once a week) of use of pest-control spray products was significantly associated with 255 both the chlorpyrifos metabolite TCPy concentration (β: 1.05 95% CI: 0.16, 1.94) and the generic 256 pyrethroid metabolite 3-PBA concentration (β: 0.91 95% CI: 0.09, 1.74). Other pest-related 257 questions, including pest-product use patterns, use of a professional pest-controller, attitude towards 258 pests in the home, pest phobias, and whether respondents perceived that pests were a problem in the 259 home were not significantly associated with any of the metabolite concentrations. Presence of a 260 dog in the home was associated with increased concentration of DCCA and 3-PBA in urine (DCCA 261 β: 1.16 95% CI: 0.29, 2.04, 3-PBA β: 0.96 95% CI: 0.16, 1.73). We assessed several variables 262 associated with housing characteristics and quality. Increasing age of the home was positively or summer compared to winter or autumn (β: 0.88 95% CI: 0.32, 1.44). Once season was added to 280 the model, the total variability explained was 77%. 281 282
Discussion 283
In this study we report associations between environmental, behavioural and dietary factors 284 associated with insecticide metabolite concentrations in urine from young Australian children. 285
Organophosphate concentrations, but not pyrethroid metabolite concentrations, were reported to be 286 positively associated with age.. DMP and DMTP were linearly positively associated with age in 287 months, but TCPy appeared to peak at around 20 months of age. These findings suggest that, with 288 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT the exception of chlorpyrifos, peak childhood insecticide exposure to organophosphates may not 289 have been captured by the age range included in the study (<2 years at recruitment). 290
Non-specific organophosphate metabolites 291
Exposure determinants varied between the insecticide metabolites. questionnaires it is necessary to consider not just the types and amounts of foods that are consumed 306 but also food preparation practices. 307 308
TCPy 309
In this study, chlorpyrifos was the only OP insecticide with a specific metabolite (TCPy) that was 310 found above the limit of detection with a high frequency (89.3%). Chlorpyrifos residues are known 311 to occur on fruits and vegetables in Australia ((FSANZ) Food Standards Australia New Zealand 312 2011). However, while increased consumption of fruits and vegetables was associated with higher 313 TCPy concentrations, the association was not significant. This may be attributable to measurement M A N U S C R I P T
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18 error in the questionnaire, such as condensing all fruit and vegetable items into just two variables, 315 despite the fact that chlorpyrifos concentrations may vary considerably between individual food 316 items. Additionally, there may have been other unaccounted for sources of variation in TCPy 317 concentrations. TCPy concentrations were associated with reported pest-spray use in the home and 318 mouthing behaviours, suggesting a contribution from non-dietary sources of exposure to the 319 observed variation in TCPy concentrations. Paradoxically, TCPy concentrations were higher when 320 children with less frequent mouthing behaviour. It is possible that these associations are confounded 321 by age. Chlorpyrifos is not available in any domestic spray-products in Australia, so the association 322 between reported pest-spray use in the home and TCPy concentrations was unexpected. This 323 finding may be due to chance or confounding. For example, households frequently using spray 324 products may also use other chlorpyrifos containing products, such as some garden products, more 325 frequently. Alternatively, some determinants of chlorpyrifos exposure may have been omitted from 326 the exposure-assessment questionnaire. For example, elsewhere, chlorpyrifos concentrations in 327 household dust have been found to correlate with reported termite and garden treatments at the 328 home (Deziel, Colt et al. 2015) . Furthermore, insecticides can persist in the indoor environment for 329 years (Deziel, Ward et al. 2013) . In this study, termite treatment was not specifically assessed, pest-330 control product use over only the past 12 months was assessed, and the sample size was too small to 331 assess the association between reported garden insecticide use and biomonitoring data, which may 332 explain why few questionnaire variables were found to be associated with TCPy concentrations. 333 
Strengths and limitations of the study 374
The main strength of this study was the rigorous design and online format of the questionnaire. The 375 questionnaire was designed following extensive literature reviews and primary research to identify 376 insecticides that families are likely to be using in their homes, and the questionnaire was pre-tested 377 prior to use, as previously described ( This study demonstrated that domestic pest-control practices and insecticide residues on food are 422 likely to be the major contributors to young Australian children's insecticide exposure. However, 423 more data in Australia are needed to better understand sources of insecticide exposure. Specifically, 424 more data are needed on insecticide usage patterns and insecticide residues on food. These data 425 would be informative to exposure risk assessment and the design of the exposure-assessment 426 questionnaires. 427
428
In this study, the value of the questionnaire-based approach for identifying important determinants 429 of exposure was demonstrated. Validation studies to determine the accuracy of the questionnaire-430 based approach to exposure assessment are warranted, given the utility that this approach would 431 have for children's insecticide exposure assessment. Combining environmental data with the 432 questionnaire-based approach also appears to be a promising approach, increasing the predictive 433 capacity compared to using either tool alone. For example, matrices of the insecticides commonly 434 found in pest-control products can be used to better estimate exposure to specific insecticides from 435 pest-control products ( • Online questionnaire data was compared to kids urinary insecticide metabolites • Significant dietary variables: fruit and vegetable intake and washing prior to eating • Significant environmental factors: season and having a dog in the home. • Significant behavioural factors: hand-washing and frequency of pest product use.
• Age was associated with organophosphate metabolite concentrations
